Objective-To clarify the problems in angiographic diagnosis of major coronary arteries crossing the right ventricular outflow tract. Design-Aretrospectivestudywithclinicomorphological correlations to ascertain any aberrant coronary arteries and variations in distribution of the normal right coronary arterial branches. Setting-Tertiary referral centre. Subjects-36 necropsy specimens together with the aortograms and surgical reports from 130 patients with tetralogy of Fallot. Results-A preventricular branch was found in 19% of cases with tetralogy of Fallot, but in none of 13 normal hearts. Aberrant origin of the anterior interventricular coronary artery was found in 14% of the specimens. The combination of "laid back" and straight lateral views, when reviewed retrospectively, identified this anomaly correctly in nine of 16 patients, with these findings confirmed at surgery in seven patients. A major branch initially thought to cross the outflow tract was shown retrospectively to be an infundibular artery in six, with surgical confirmation in four. It was a preventricular branch in another patient. Conclusions-Using the laid back view alone, infundibular and preventricular branches may be mistaken for a major aberrant artery. A combination of laid back and straight lateral views is needed to avoid false positive diagnosis. (Heart 1998;80:174-183) Keywords: angiography; congenital heart defects; tetralogy of Fallot; paediatric cardiology
The incidence of a major coronary artery crossing the right ventricular outflow tract in tetralogy of Fallot is between 5% and 12%. [1] [2] [3] [4] [5] [6] [7] Such an anomalous vessel is not always detectable intraoperatively. 3 Preoperative recognition of such arteries is therefore crucial in deciding the time and type of operative procedure to be performed. Despite advances in echocardiographic assessment, investigation by angiography is still considered important in evaluating the coronary arterial patterns preoperatively. The sensitivity and specificity of such angiography, however, remains uncertain. Aortography in standard and oblique projections often fails to identify the origins of the coronary arteries and, more importantly, fails to reveal their relation to the right ventricular outflow tract. More recently, the caudo-cranial left anterior oblique (so called "laid back") aortograms have been advocated for identifying abnormal vessels that cross the pulmonary outflow tract. 8 9 In reviewing the experience at our hospital over five years, we have found evidence of one false negative and several false positive diagnoses using the laid back view. These patients with false positive angiographic diagnoses were found, at surgery, to have prominent infundibular or preventricular branches of the right coronary artery rather than anomalous origin of the anterior interventricular (anterior descending) branch of the left coronary artery. These diYculties prompted us to reinvestigate the anatomy of the coronary arteries in tetralogy of Fallot, comparing our findings with the variations in distribution of the branches of the right coronary artery.
Methods
We examined the distribution of the major coronary arteries in 36 formalin fixed specimens with tetralogy of Fallot from our museum. All the specimens were examined externally before removing the perivascular fatty tissue, where necessary, to expose the epicardial course of the coronary arteries.
In each specimen, we recorded the number, position, and shape of the coronary arterial orifices. The sagittal position of each orifice relative to its respective aortic sinus was measured as the distance to the sinutubular junction.
Besides establishing any anomalous course, we also focused attention on the distribution of the branches of the right coronary artery (fig 1) . The diameter of the infundibular branch supplying the musculature of the subpulmonary infundibulum (excluding the infundibular branch to the ventriculoinfundibular fold) was measured at its origin, and represented as the ratio of its diameter to that of the origin of the right coronary artery. The diameter of the largest right anterior ventricular branch was measured at its origin, and again compared with diameter of the right coronary artery itself.
For comparison, we studied 13 normal hearts with a similar size distribution. In these hearts, the length of the infundibular branch was measured from its origin to the termination on the epicardial surface. Data are expressed as mean (SD). Statistical comparisons were made using Student's t test.
Having ascertained the anatomical features in the postmortem hearts, we reviewed the angiocardiograms, which were interpreted completely blinded to surgical reports, in 130 patients with tetralogy of Fallot undergoing investigation at the Royal Brompton Hospital between March 1992 and November 1996. This is the period over which our unit has used the 45°caudo-cranial, 30°left anterior oblique angulation view (the so called laid back view), aiming to identify any anomalous course of the coronary arteries. In all patients, we also examined the biplane aortograms to study the distribution of the coronary arteries.
Results

HEART SPECIMENS
Age at death had ranged from 3 months to 72 years (median 3 years). The size of the hearts, defined by measuring the distance between the base of pulmonary valve and the apex, varied from 26 to 130 mm (median 62 mm). In one specimen in which the orifices of the coronary arteries were 115% and 154% of the depth of the sinuses above the sinutubular junction, both arteries ran an intramural course for a distance of 3 mm ( fig 3A) . In another three specimens with the orifices just above the junction, the arteries took a very short (1.5 mm) intramural course at their origin.
Accessory orifices
Accessory arterial orifices were found in seven specimens, being within the right coronary aortic sinus in six and the left sinus in one. The accessory orifice gave origin to the infundibular branch in two specimens, and in another to a branch dividing into the infundibular branch and a diagonal branch, the latter artery then crossing the outflow tract. In two specimens, two accessory orifices gave origin to infundibular branches. Three accessory orifices were found in one specimen, two of them supplying right ventricular branches and the other an infundibular branch. Separate origins of the circumflex and anterior descending coronary arteries were found in the final specimen.
Obstruction of the orifices
The orifice of the left coronary artery was potentially obstructed in three specimens: there was a slit in one, the orifice was smaller than the coronary artery in one, and there was atresia of the proximal portion of the left coronary artery in the third. No gross evidence of myocardial infarction was seen in these three specimens.
Distribution of coronary circulation
A dominant right pattern was present in 24 specimens (67%), a dominant left pattern in 10 (28%), and a balanced distribution in two (15%).
Distribution of the branches of the right coronary artery
The infundibular branch-In 31 specimens, the infundibular branch arising close to the origin of the right coronary artery was of fair size (table 1), and crossed the outflow tract ( fig  3A) . In the remaining five specimens, a major anomalous artery arising from the right coronary artery crossed the subpulmonary infundibulum. A separate infundibular branch arose from the origin of the right coronary artery in two, from an aberrant anterior interventricular coronary artery in another, and was lacking in the other two.
The infundibular branch was an obvious and significant vessel in 12 (92%) of the 13 normal hearts, but tiny in the remaining one. In two hearts, the infundibular branch crossed the infundibulum transversely, running just proximal to the base of the pulmonary valve ( branches arose from the proximal section of the right coronary artery in 15 (42%) of the specimens with tetralogy of Fallot. In two specimens, the right anterior ventricular branch was much bigger than the remaining segment of the right coronary artery, which was tiny. In seven specimens (19%), including two with an aberrant anterior interventricular coronary artery crossing the right ventricular outflow tract, the right anterior ventricular branch was extensive, running diagonally along the outflow tract to terminate near the cardiac apex ( fig 3B) . This branch, which has been named the preventricular branch, 10 had not been damaged during placement of a patch in the outflow tract in any of these five specimens. In the 13 normal hearts, only one had a large right ventricular branch arising from the proximal portion of the right coronary artery. None had a preventricular branch. Of the specimens with tetralogy of Fallot, 14 (39%) had tiny or no right anterior ventricular branch along the course of the right coronary artery, while three (23%) of the normal hearts showed this pattern.
The acute marginal branch-The right coronary artery terminated as the marginal branch in two specimens with tetralogy of Fallot. Otherwise there was no significant diVerence in the distribution and the size of this artery between specimens of tetralogy of Fallot and normal hearts.
Anomalous coronary arteries in tetralogy of Fallot
Unusual pattern-In one specimen, we found two separate right coronary arteries coursing within the right atrioventricular groove (we were unable to establish the nature of their orifices in the aortic sinus). One artery gave rise to the infundibular branch, a right ventricular branch, and a branch to the right atrium. The second artery gave rise to the acute marginal branch and terminated in the posterior interventricular groove. Atresia of the proximal anterior interventricular coronary artery-This arrangement was found in one specimen. The distal part of the artery was of normal size although collateral supply could not be traced by gross dissection. The right coronary artery in this case was normal. Anomalous distribution relative to the subpulmonary infundibulum-A major branch arose from the right coronary artery and crossed the subpulmonary infundibulum in five (14%) of the hearts. In three of these specimens, it was the anterior interventricular coronary artery which arose from the proximal portion of the right coronary artery and crossed the outflow tract to reach the interventricular groove ( fig 3B) . The distance between the aberrant artery and the base of the pulmonary valve was 10, 12, and 25 mm respectively, with the largest distance being in a large heart measuring 105 mm from the base of the pulmonary valve to the apex. An additional anterior descending coronary artery, arising from the left coronary artery and running its normal course, was found in these three specimens. This artery was tiny in one, and of the same size as the artery arising from the right coronary artery in the other two ( fig 3B) .
A solitary artery arising from the right coronary aortic sinus was found in one specimen. The common stem branched, with one of the stems taking the normal course of the right coronary artery. The second turned to the left, crossed the subpulmonary infundibulum, and branched into the anterior interventricular coronary artery, which ran along the interventricular groove, and the circumflex artery, which coursed within the left atrioventricular groove. The distance between the base of the pulmonary valve and main stem of the left coronary artery was 7 mm in this specimen, which measured 75 mm to the apex of the heart. There were two orifices within the right coronary aortic sinus in the remaining specimen. One of these gave rise to the right coronary artery, and the other to an artery which divided into preventricular and diagonal branches. The diagonal branch crossed the subpulmonary infundibulum just beneath the base of the pulmonary valve and extended onto the anterolateral wall of the left ventricle ( fig  4A) . An artery arising from the left coronary aortic sinus gave rise to the circumflex artery. A small branch arose from the circumflex artery and supplied the ventricular septum. The diagonal branch had been traumatised during the surgical correction ( fig 4A) .
CLINICAL FINDINGS
We reviewed the angiocardiograms and surgical records of all 130 patients (69 male and 61 female). Age at the time of angiography varied from 6 days to 8 years (median 11 months). Of these, the laid back view had not been obtained satisfactorily in 16 patients, either because standard angulation had not been appropriate, or because injection into the coronary arteries had been unsatisfactory. In all 130 patients, 116 had been diagnosed preoperatively as having normal coronary arteries. In two of the 116 patients, however (table 2, cases 15, 16; aged 10 and 83 months), an aberrant major coronary artery arising from the right coronary artery and crossing the outflow tract was discovered by the surgeon at operation. One of these patients (case 16) had been studied preoperatively only with aortograms performed using standard views, but had then undergone laid back angiography postoperatively. The second child (case 15) died of poor left ventricular function postoperatively following infarction caused by transection of an undiagnosed aberrant diagonal branch (fig 4) .
The diagnosis of an aberrant artery arising from the right coronary artery and crossing the subpulmonary outflow tract had been made following preoperative review of the angiocardiograms in 14 patients (table 2). The decision was made to delay the surgical correction in 11 of these patients (cases 2, 4-9, 11-14), constructing instead a Blalock-Taussig shunt to provide palliation, with or without balloon dilatation of the outflow tract. Eight patients (cases 1, 3, 8-11, 13, 14) have since undergone total surgical correction at ages ranging from six to 60 months.
When reviewing the aortograms retrospectively, we first analysed the laid back view. In the 14 patients (cases [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] in whom the preoperative studies suggested an aberrant anterior interventricular coronary artery, the laid back view had been obtained satisfactorily. From this view, we recognised an artery arising from the right coronary artery and crossing the area presumed to be the subpulmonary infundibulum in all. In one of them (case 3), two vessels arose from the right coronary artery and crossed anterosuperiorly, almost following the same course ( fig 5A) . One vessel was large and had been diagnosed as an aberrant anterior interventricular coronary artery preoperatively. The other was small and had not been identified before the operation. In the patient (case 5) with the single right coronary artery, the laid back view showed a common stem arising from the right aortic sinus and dividing into two arteries. One was the right coronary artery, which followed a normal course. It gave rise to the circumflex artery, which passed behind the aorta and ran into the posterior interventricular groove. The second was the anterior interventricular coronary artery, which turned to the left across the outflow tract and gave rise to an infundibular branch (fig 6) . In the two patients in whom an aberrant artery was only revealed at operation, the angulation for the laid back view was inadequate in one (case 15). In this view, the diagonal branch arising from the right coronary artery was overlapped by the aorta. The laid back view performed postoperatively in the second patient (case 16) clearly demonstrated the aberrant artery.
By combining the results from the laid back view with the straight lateral view which was obtained with the same injection, more information was obtained in all these 16 patients. In six patients (cases 2, 8-10, 12, 13), the presumed aberrant artery, having arisen from the proximal portion of the right coronary artery, was seen to run anteriorly and inferiorly, not extending towards the base of the pulmonary valve, and failed to reach the anterior interventricular groove (fig 7) . This vessel could then be identified as an infundibular branch, being smaller in diameter than the right coronary artery in all these patients. This interpretation has since been confirmed at surgery in four patients (cases 8-10, 13). Among these four patients, the surgical correction had been delayed in three (cases 8, 9, 13) until the age of 30, 43, and 60 months, respectively. In one patient (case 7), the combination of angiographic views revealed that the long vessel which arose from the origin of the right coronary artery extended anteriorly and inferiorly to reach almost to the apex, but did not cross the subpulmonary outflow tract. This course enabled it to be diagnosed as a preventricular branch. In only nine patients, therefore (cases 1, 3-6, 11, 14-16), did our retrospective review using combined views identify an anomalous course of a major artery crossing the subpulmonary outflow tract. The presence of an aberrant artery has now been confirmed at surgery in 
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seven of these nine patients (cases 1, 3, 6, 11, 14-16), including one (case 6) in whom the pericardium was opened during construction of a left Blalock-Taussig shunt. In the straight lateral view, the anterior interventricular coronary artery, after arising from the origin of the right coronary artery, was shown to turn posteriorly across the outflow tract, and then descend along the anterior interventricular groove (fig 8) . In one of the patients (case 3), in whom two vessels were seen crossing anterosuperiorly on the laid back view ( fig  5A) , the straight lateral view showed that the bigger artery was the preventricular branch while the smaller one was the aberrant anterior interventricular coronary artery ( fig 5B) . This arrangement was also confirmed subsequently at surgery ( fig 5C) . An accessory anterior interventricular coronary artery arising from the left coronary aortic sinus and running a normal course was seen in all eight patients with aberrant arteries. Where the diagonal branch was the aberrant artery (case 15), its course as visualised on the lateral view was not significantly diVerent from that of an aberrant anterior interventricular artery ( fig 4B) .
In 114 patients identified as having normal coronary arteries in retrospective review, the infundibular branch was seen in 96 patients (84%), the preventricular branch in seven (6%), and a right anterior ventricular branch arising at the origin of the right coronary artery in 17 (15%). This right anterior ventricular branch, when seen in the laid back view, fails to cross the right ventricular outflow tract. In the straight lateral view, it runs a similar course as the preventricular branch-that is, anteriorly and inferiorly.
Discussion
THE ANATOMY OF CORONARY ARTERIES
The coronary arterial orifices The location of coronary arterial orifices relative to the aortic sinuses has been extensively studied in the normal hearts. [10] [11] [12] Little attention, however, has been paid to this feature in congenitally malformed hearts, except for the particular condition of common arterial trunk. 13 When we focused on this feature in tetralogy of Fallot, we found that the orifice of the left coronary artery was located more posteriorly than in normal hearts 10 11 (p < 0.001 11 and p < 0. 05 10 ). This is probably a result of the abnormal development, 12 which produces the anterior and rightward position of the aorta. In addition, an intramural course of the origin of a coronary artery-not previously reported to our knowledge in tetralogy of Fallot-was found to be associated with elevation of the orifices above the sinutubular junction in four of our specimens, the greatest severity being seen in one with a very high take oV. Such intramural courses have been reported sporadically in normal patients, [14] [15] [16] [17] and are now known to be particularly important in complete transposition because of their implications during the arterial switch operation. [18] [19] [20] Their presence-together with an acute angle and course of a coronary artery-is known also to be associated with sudden death, especially during exercise. [14] [15] [16] [17] High take oV may also give diYculties during aortic cross clamping at operation, as well as producing problems during selective arteriography. 10 The incidence of multiple orifices diVered from that in normal series. [10] [11] [12] It is significant that obstruction of the left coronary arterial orifices was found in three specimens (10%). In one of these the orifice was atretic, as was the proximal segment of the anterior interventricular coronary artery. The territory normally supplied by this artery was presumably fed by intramyocardial collaterals. This lesion is also known to be associated with sudden cardiac death.
Distribution of coronary circulation
The incidence of a dominant left coronary arterial pattern (28%) in tetralogy of Fallot is greater than in normal subjects (10-12%). [21] [22] [23] This finding is in keeping with another study, 3 but has no obvious explanation.
Distribution of the branches of the right coronary artery
The infundibular (or conus) branch is defined as the vessel that arises either from the origin of the right coronary artery or directly from the right coronary aortic sinus, and supplies the musculature of the subpulmonary infundibulum. Its appearance in tetralogy of Fallot was as seen in most of the normal hearts (92%). This finding diVers from previous necropsy investigations, which described the artery as "unusually prominent" in all cases, 6 and "remarkably long" in 40% of cases. 7 Another study of normal hearts showed the artery to be similarly significant in about half the cases examined. 10 The anterior right ventricular branches arise from the right coronary artery along its course and supply the anterior wall of the right ventricle. A well recognised variation was seen in 15 (42%) of our specimens, with one or two large branches arising from the origin of the right coronary artery and running diagonally to supply the anterior wall of the right ventricle. In seven specimens with tetralogy (19%), a prominent branch described as a preventricular branch was recognised. This branch could be confused with an aberrant anterior interventricular artery.
Anomalous distribution of coronary arteries
In 14% of our series, we discovered a major aberrant artery arising from the right coronary artery which crossed the right ventricular outflow tract. All the aberrant arteries ran close to the base of the pulmonary valve. Modifications of incisions into the outflow tract, use of a conduit from the right ventricle to the pulmonary trunk, or more recently the transatrial and transpulmonary approach, have all been advocated as means of avoiding these aberrant arteries. 24 25 DIAGNOSTIC PROBLEMS WITH THE LAID BACK VIEW Tetralogy of Fallot is one of the conditions for which angiography is still performed before surgical correction in many centres. Although there is increasing experience of echocardiographic assessment of patients with tetralogy of Fallot, 26 27 abnormalities of pulmonary and coronary arteries are not always identified. The sensitivity and specificity of echocardiographic diagnosis of coronary abnormalities in clinical practice is unclear. 25 28 Thus angiography still plays an important role in the evaluation of aberrant coronary arteries in tetralogy of Fallot.
The newly advocated laid back projection of the aortogram was first described for use in patients with disease of the aortic valve. 29 It was then used in complete transposition. 30 In recent years, it has been used in tetralogy of Fallot, specifically to identify the anomalous coronary arteries which cross the right ventricular outflow tract. 8 9 It has been suggested that, because in this projection the outflow tract is anterior and to the left of the aortic valve, any vessel coursing in this area should be considered as crossing the outflow tract. When performed correctly, false negative diagnosis should be avoidable. Several false positive diagnoses, however, have ensued in our experience with this method over the past five years. These spurious diagnoses have been confirmed at surgery thus far in five patients, the artery identified by the surgeon proving to be a prominent infundibular branch in four and a preventricular branch in the other. These findings are no more than expected, since examination of our postmortem specimens shows that the infundibular branch does indeed cross the outflow tract. It does not, however, enter the anterior interventricular groove. When the infundibular branch is long, and only the laid back view is examined, it is diYcult to diVerentiate from an aberrant anterior interventricular coronary artery arising from the right coronary artery and crossing the outflow tract. Furthermore, with the hearts available to us we found that the presumed subpulmonary infundibulum-as seen in the laid back view-also included part of the apical trabecular component of the right ventricle. This is because the ventricular mass is markedly foreshortened in this projection. Because of this, the long preventricular branch can also be mistaken for a major vessel crossing the outflow tract when the laid back view is used in isolation.
Knowing the factors which can result in a false positive diagnosis in the laid back view, we combined retrospective examination of this view with the available straight lateral projections of the angiograms. It was always the straight lateral view that was traditionally recommended for analysis of the coronary arterial anatomy in tetralogy of Fallot. 4 In this projection, the origins of the right and left coronary arteries are well separated, since the counterclockwise aortic rotation (viewed from above) in tetralogy results in the right and left coronary aortic sinuses having an almost direct anterior-posterior relation. There is also no caudal or cranial angulation in the straight lateral view. Thus the course-and more importantly the relation-between any of these arteries and the outflow tract, together with the base of pulmonary valve, can be directly identified. In this projection, the infundibular branch runs anteriorly and inferiorly, and then turns around the outflow tract, but does not meet the anterior interventricular coronary artery at the interventricular groove. The preventricular branch runs anteriorly and inferiorly and reaches nearly to the apex, but without turning around the outflow tract. The aberrant anterior interventricular coronary artery, in contrast, having arisen from the right coronary artery, extends immediately across the outflow tract. It then approaches the base of pulmonary valve before entering the anterior interventricular groove, which tends to be displaced posteriorly because of the considerable clockwise rotation of the interventricular septum in tetralogy of Fallot. Within the interventricular groove, it meets the accessory anterior interventricular coronary artery, if such an artery is present.
When reviewing the aortograms retrospectively in this fashion in 16 patients, only nine were identified as having an anomalous artery. In six of these, our retrospective findings have been confirmed at surgery. Another had a preventricular branch together with an aberrant anterior interventricular coronary artery crossing the outflow tract. This finding was also confirmed at surgery. The remaining two patients are still awaiting their operations, including the patient with the single right coronary artery. In the two patients in whom an aberrant artery had not been identified preoperatively following examination of standard views and an atypical laid back view, retrospective review of the straight lateral projection clearly showed its course across the outflow tract into the anterior interventricular groove. When an aberrant anterior interventricular coronary artery (or any other major vessel) crossing the outflow tract coexists with an infundibular branch or preventricular branch, therefore (as seen in cases 3 and 16, and in five specimens), it is even more important to examine the straight lateral view, since these arteries can seem to follow the same course when seen in the laid back view.
In clinical practice, it is crucial to diVerentiate normal branches of the right coronary artery from the anterior interventricular coronary artery, or from any other major coronary artery crossing the outflow tract. The infundibular branch was prominent in all our specimens of tetralogy of Fallot. It was also seen in 92% of our normal hearts, and was recognised in half the normal hearts examined in another study. 10 Such infundibular branches, however, do not represent a contraindication to ventriculotomy in the correction of tetralogy unless they are equal in calibre, or larger than, the right coronary artery. [1] [2] [3] Such equality was seen in only one of our specimens, and in none of our patients. The preventricular branch does not cross the outflow tract, and so does not influence surgical correction. It is only the aberrant anterior interventricular coronary artery, or any other major artery arising from the right coronary artery which crosses the outflow tract, that presents a serious hazard if unrecognised at the time of right ventriculotomy. Even the recently developed transatrial-transpulmonary approach still requires a patch across the ventriculo-pulmonary junction in about half of the cases. 25 31 When recognised, the surgical options are to modify the approach or to delay the age of correction. In cases of incorrect diagnosis, however, unnecessary delay may ensue, as occurred in three of our patients, but thus far without deleterious consequence.
LIMITATIONS OF THE STUDY
We have seen only a relatively small number of specimens to document the variability in location of the coronary arterial orifices and the distribution of the branches of the right coronary artery. The fixation of these specimens can aVect the shape and size of the coronary arterial orifices and branches, but should not influence their arrangement nor the ratio between the branches and their main stems. The infundibular branch had been incorporated in an outflow patch during complete surgical correction in 15 of 36 specimens. It may have been more prominent in these hearts. Furthermore, the retrospective study of the angiograms has been confirmed by surgery thus far in only 11 of 16 patients.
CONCLUSION
Infundibular and preventricular branches may be mistaken for a major coronary artery arising from the right coronary artery and crossing the right ventricular outflow tract. The laid back view is an excellent means of identifying all these vessels, but cannot consistently distinguish between them. To achieve distinction of the major anomalous arteries, it is necessary to combine the laid back view with the straight lateral view.
